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In Brief
Nucleation-promoting factors (NPFs)
control the spatio-temporal activity of
Arp2/3 complex in cells. Kast et al. show
that the NPF WHAMM colocalizes with
autophagy markers at the ER and
participates in autophagosome
biogenesis via an Arp2/3-complex-
dependent actin comet tail mechanism,
thus providing a link between actin
assembly and autophagy.
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Nucleation-promoting factors (NPFs) control the
spatio-temporal activity of Arp2/3 complex in cells
[1, 2]. Thus, WASP and the WAVE complex direct
the formation of branched actin networks at the lead-
ing edge during cell motility and endo/exocytosis,
whereas the WASH complex is involved in endoso-
mal transport. Less understood are WHAMM and
JMY, two NPFs with similar domain architecture.
JMY is found in the nucleus and the cytosol and is
involved in transcriptional regulation [3], cell motility
[4], and trans-Golgi transport [5]. WHAMM was re-
ported to bind microtubules and to be involved in
ER to cis-Golgi transport [6]. Here, we show that
WHAMM directs the activity of Arp2/3 complex for
autophagosome biogenesis through an actin-comet
tail motility mechanism. Macroautophagy—the pro-
cess by which cytosolic material is engulfed into
autophagosomes for degradation and/or recy-
cling—was recently shown to involve actin [7], but
the mechanism is unknown. We found that WHAMM
forms puncta that colocalize and comigrate with the
autophagy markers LC3, DFCP1, and p62 through a
WHAMM-dependent actin-comet tail mechanism.
Under starvation, WHAMM and actin are observed
at the interface between neighboring autophago-
somes, whose number and size increase with
WHAMM expression. Interfering with actin polymeri-
zation, inhibiting Arp2/3 complex, knocking down
WHAMM, or blocking its interaction with Arp2/3
complex through mutagenesis all inhibit comet tail
formation and reduce the size and number of auto-
phagosomes. Finally, JMY shows similar localization
to WHAMM and could be involved in similar pro-
cesses. These results reveal a link between Arp2/3-
complex-dependent actin assembly and autophagy.
RESULTS AND DISCUSSION
WHAMM Forms Puncta and Tubular Structures that
Colocalize with the ER
WHAMM was previously reported to bind microtubules (MTs)
and to localize to the cis-Golgi apparatus and the ER-Golgi inter-Current Biology 25, 179mediate compartment (ERGIC), playing a role in ER-to-Golgi
transport [6]. We found, however, that WHAMM localization de-
pends strongly on protein expression levels post-transfection
(Figure S1A). Thus, tubulation along MTs markedly increased
24 hr after expression in ARPE-19 and HeLa cells (Figures S1B
and S1C). (Note that most experiments here were performed in
parallel in ARPE-19 and HeLa cells, and examples of both cell
types are given throughout this work.) In contrast, 8–12 hr
post-transfection, WHAMM formed puncta that generally did
not colocalize with and moved independently of the MT marker
mCherry-EMTB and the cis-Golgi marker mCherry-GM130 (Fig-
ures 1A, 1B, and S1D). Indeed, whereas WHAMM appeared
static along MTs, the puncta were highly dynamic (Figure S1E),
displaying two types of movement—directed motions reminis-
cent of MT-based transport (>0.8 mm s1) or slower, spatially
confined movement (0.2–0.7 mm s1).
To determine the identity of the organelle associated with the
WHAMM puncta, we examined the colocalization of GFP-
WHAMM with several organelle markers (Figure 1C). WHAMM
did not colocalize with early endosomes (mCherry-Rab5), late
endosomes (mCherry-Rab7), late endosome-lysosome interme-
diate vesicles (Lamp1-RFP), the cis-Golgi apparatus (mCherry-
GM130), or COPI vesicles budding from the Golgi (mCherry-
Arf1; Figures 1B and S1F–S1I).
In contrast, the WHAMM puncta colocalized with two global
ER markers, mCherry-Sec61b and mCherry-calnexin (Figures
1C, 1D, S1J, and S1K). However, WHAMM appeared to reside
on specific sites of this organelle, distinct from COPII ER exit
sites (mCherry-Sec16L or mCherry-Sec24D) and ER-mitochon-
dria contact sites (DsRed2-Mito; Figures S1L–S1N).
TheWHAMMpuncta appeared to lead the extension of tubular
structures tethered to the ER (Figure 1D; Movie S1), moving with
amean speed of0.5 mms1. Occasionally,WHAMMmolecules
coated these tubular structures along their length (Figures S1J
and S1K). Such WHAMM-coated tubules elongated from the
ER with a mean speed of 0.03 mm s1, i.e., much slower than
the motility of WHAMM puncta.
WHAMM Promotes the Movement of ER-Tethered
Membranes through an Actin Comet Tail Mechanism
Because in vitro WHAMM functions as an activator of the Arp2/3
complex [6], we asked whether the motility of the WHAMM
puncta and the deformation of the ER membrane proceeded
through an actin polymerization-dependent mechanism. To
test this idea, we coexpressed GFP-WHAMM with mCherry-
LifeAct in ARPE-19 cells (Figure 1E; Movie S1). Long actin comet
tails, which were also positive for the Arp2/3-complex-binding1–1797, June 29, 2015 ª2015 Elsevier Ltd All rights reserved 1791
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Figure 1. WHAMM Localizes to the ER and
Induces the Formation of Actin Comet Tails
(A) GFP-WHAMM puncta in ARPE-19 cells do not
colocalize with the MT marker mCherry-EMTB.
(B) GFP-WHAMM forms dynamic puncta and small
tubules in ARPE-19 cells 8 hr post-transfection.
These puncta do not colocalize with the cis-Golgi
marker mCherry-GM130.
(C) Quantification (±SEM; n = 5–13 cells) of the
colocalization of GFP-WHAMM in ARPE-19 cells
with MTs (mCherry-EMTB), cis-Golgi (mCherry-
GM130), ER (mCherry-Sec61b), early endosomes
(mCherry-Rab5), late endosomes (mCherry-Rab7),
endo/lysosomes (RFP-Lamp1), Golgi-to-ER vesi-
cles (mCherry-Arf1), ER-to-Golgi vesicles
(mCherry-Sec-16L), and ER-exit sites (mCherry-
Sec24D).
(D) GFP-WHAMM puncta colocalize and comi-
grate with ER tubules (mCherry-Sec61b) in ARPE-
19 cells. These tubules move with a mean speed of
0.5 mm s1. Insets show a WHAMM punctum
(green arrow) comigrating with an ER tubule (red
arrow).
(E) GFP-WHAMM puncta are propelled by actin
comet tails in ARPE-19 cells, moving with an
average speed of 0.5 mm s1. Insets show
WHAMM puncta (green arrows) leading actin
comet tails (red arrows).
(F) Quantification of the speed of WHAMM puncta.
Measured puncta speeds from five cells are pre-
sented as a ‘‘bee-swarm’’ plot superimposed onto
a box-and-whisker plot. The red area represents
the middle half of the data, divided by the median
value (red line). The blue area encompasses the
data from the 5th to the 95th percentile.
The scale bars in whole-cell and inset images
represent 10 and 2 mm, respectively. *p < 0.05. See
also Figures S1 and S2 and Movie S1.and branch-stabilizing protein cortactin (Figure S2A), were
observed in association with WHAMM puncta that moved
with a mean speed of 0.5 mm s1 (Figure 1F). This form of
motility is reminiscent of that of Listeria monocytogenes. Like
commonly observed with Listeria [8], the movement of
WHAMM puncta was locally confined, forming circles and spi-
rals (Figure S2B). This was a surprising observation, because,
unlike Listeria, the WHAMM puncta remained tethered to the
ER during motility (Figure 1D; Movie S1). It thus appears that
the formation of such circles and spirals is a distinctive feature
of actin comet tail motility. WHAMM-associated comet tails
were also observed in Cos-7, C2C12, and HeLa cells (Figures
S2C–S2E).
In cells treated with latrunculin B or jasplakinolide, two drugs
that inhibit actin filament turnover by different mechanisms, actin
comet tails were not observed, and the motility of WHAMM
puncta was staled (Figures 1F, S2F, and S2G). Treating cells
with the Arp2/3 complex inhibitor CK666 [9] also inhibited the
motility of WHAMM puncta (Figures 1F and S2H). Interestingly,
cells treated with CK666 also showed a shift in WHAMM locali-
zation from puncta to tubular-coated structures that appeared1792 Current Biology 25, 1791–1797, June 29, 2015 ª2015 Elsevier Lto align with MTs (Figure S2H), somewhat analogous to the
structures observed with prolonged WHAMM expression (Fig-
ures S1A and S1B). Together, these results suggest that
Arp2/3-complex-induced actin polymerization is required for
the motility of ER-tethered WHAMM puncta.
To determine whether WHAMM is directly responsible for
Arp2/3 complex activation in this process, the conserved trypto-
phan residue within the A region, necessary for interaction with
Arp2/3 complex, was mutated to alanine (WHAMMW791A).
Compared to wild-type WHAMM, expression of the mutant
W791A dramatically reduced the number of comet tails in
ARPE-19 andHeLa cells, andWHAMMW791A frequently localized
to tubular structures (Figures S2I–S2K).
Treating cells with nocodazole, a drug that disrupts the MT
network, had a limited effect on the mean speed of WHAMM
puncta, and the comet tails appeared unaffected (Figures 1F
and S2L). The slight reduction in the mean speed in this case
is likely due to the loss of the small fraction of the puncta that un-
dergo directed MT-based transport (Figure S1E). We thus
conclude that the MT cytoskeleton is not involved in comet tail
motility of the WHAMM puncta.td All rights reserved
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Figure 2. WHAMM-Dependent Comet Tails
Propel the Movement of the Autophago-
some Markers DFCP1 and LC3
(A) GFP-WHAMM puncta comigrate with puncta of
the omegasome marker mCherry-DFCP1 in fed
ARPE-19 cells (color-coded arrows).
(B) GFP-WHAMMpuncta comigrate with puncta of
the autophagosome marker mCherry-LC3 in fed
ARPE-19 cells.
(C) DFCP1 puncta are propelled by actin comet
tails in ARPE-19 cells cotransfected with GFP-
DFCP1, untagged WHAMM, and mCherry-LifeAct.
Insets show twoDFCP1 puncta (green arrows) with
trailing actin comet tails (red arrows).
(D) WHAMM forms discrete puncta on LC3-coated
vesicles (autophagosomes) that are propelled by
actin comet tails in cells cotransfected with GFP-
WHAMM, BFP2-LifeAct (red), and mCherry-LC3
(blue) in a fed ARPE-19 cell. Insets show a
WHAMM punctum (green arrow) attached to an
LC3 vesicle (blue arrow) and leading an actin
comet tail (red arrow).
(E) Quantification of puncta speed for the indicated
markers (n = 30 puncta from five cells expressing
GFP-WHAMMand n = 20 for three cells expressing
untagged WHAMM).
(F) LC3-positive vesicles colocalize with actin-
dense comet tails, which propel their movement in
starved ARPE-19 cells expressing GFP-LC3 and
mCherry-LifeAct, but not exogenous WHAMM.
The scale bars in whole-cell and inset images
represent 10 and 2 mm, respectively. See also
Figure S3 and Movies S2 and S3.WHAMM Colocalizes with Autophagy Markers
Having excluded the presence of WHAMM puncta at ER exit
sites and ER-mitochondria contact sites (Figures S1L–S1N),
we decided to explore a potential role for WHAMM in macroau-
tophagy, a process often linked to the ER membrane [10] and
recently shown to involve the actin cytoskeleton [7]. We thus
investigated the colocalization of WHAMM with several markers
along the autophagosome biogenesis pathway.
During starvation, a condition that upregulates autophagy [11],
U-shaped membrane compartments (omegasomes) emerge
from the ER at sites positive for ATG14, which is an early auto-
phagy marker and an essential regulator of the PI3K complex
[10, 12, 13]. The omegasomes then become coated withCurrent Biology 25, 1791–1797, June 29, 2015 ªDFCP1 [10], followed by the formation of
autophagosomes that accumulate the
lipidated form of LC3 (LC3-II). Whereas
WHAMM puncta did not colocalize with
the early marker ATG14 (Figure S3A),
they did associate with vesicular com-
partments positive for both DFCP1 and
LC3 (Figures 2A and 2B; Movie S2). Spe-
cifically, WHAMM puncta frequently ap-
peared adjacent (possibly due to the
relatively slow rate of image sampling
compared to the fast speeds of the
moving puncta) to and comigrated with
puncta of these two autophagy markers.Moreover, in cells coexpressing untagged WHAMM and
mCherry-LifeAct with either GFP-DFCP1 or GFP-LC3, DFCP1
and LC3 puncta associated with actin comet tails, which ap-
peared to propel their movement (Figures 2C and S3B; Movie
S2). In cells transfected with mCherry-LC3, GFP-WHAMM, and
BFP2-LifeAct, LC3-coated vesicles were typically associated
with a single WHAMM punctum, from which an actin comet tail
would invariably emerge (Figure 2D; Movie S2). The mean speed
of DFCP1 and LC3 puncta associated with actin comet tails was
similar to each other and to that of the WHAMM puncta
(Figure 2E).
WHAMM-positive puncta also colocalized and comigrated
with p62 (Figure S3C), an autophagy marker recruited to2015 Elsevier Ltd All rights reserved 1793
emerging autophagosomes (phagophores) by interaction with
LC3-II and which serves as an adaptor for recruitment of ubiqui-
tinated substrates destined for autolysosome degradation [14].
However, as pointed out above, WHAMM did not colocalize
with Lamp1 (Figure S1H), suggesting that it dissociates from
autophagosomes before they merge with lysosomes.
Comet Tail Formation on Autophagosomes Is
Independent of Exogenous WHAMM Expression
In starved ARPE-19 and HeLa cells treated with bafilomycin A1
(BafA), an inhibitor of autophagosome-lysosome fusion [15],
LC3-positive vesicles form clusters, and their number and
size increases. Under these conditions, mCherry-LifeAct accu-
mulated at the interface between GFP-LC3-positive vesicles,
and actin comet tails occasionally propelled the movement of
autophagosomes in the absence of WHAMM expression
(Figure 2F; Movie S3). Thus, exogenous WHAMM expression
is not required for the formation of actin comet tails on autopha-
gosomes. However, the number of DFCP1 and LC3 puncta
associated with comet tails increased dramatically with
WHAMM expression, whereas the mean speed of these puncta
was mostly unaffected, both in ARPE-19 and HeLa cells
(Figure S3D).
WHAMM Expression Upregulates Autophagosome
Biogenesis
The smaller number of comet tails observed inWHAMMuntrans-
fected cells and cells expressing mutant W791A (Figure S2I)
could be formed by either endogenous WHAMM or another
nucleation-promoting factor (NPF), such as JMY. Therefore, to
further explore the role of WHAMM in comet tail formation and
autophagy, GFP-WHAMM was coexpressed with BFP2-LifeAct
and mCherry-LC3 in ARPE-19 cells starved for 4 hr in the pres-
ence of BafA. Exogenous WHAMM expression markedly
increased the number and size of autophagosomes (Figures
3A and 3B) compared to cells not expressing exogenous
WHAMM (Figure 2F). We observed examples of bursts of actin
assembly connected to WHAMM-coated vesicles that immedi-
ately gave rise to LC3-positive tubular structures (Movie S4).
We also often observedWHAMM tubules that appeared to tether
autophagosomes together or to the ER (Figure S3E), suggesting
that WHAMM could also play a role in autophagosome fusion,
explaining the increase in their size.
Because WHAMM is a NPF of Arp2/3 complex [6], we next
askedwhether autophagosome biogenesis depended on the ac-
tivity of Arp2/3 complex. TreatingWHAMM-expressing ARPE-19
cells with the Arp2/3 complex inhibitor CK666 marginally dimin-
ished the size and number of autophagosomes (Figures 3B and
S3F), likely because autophagosomes were already formed prior
to the treatment. As observed above, these cells also displayed a
marked increase in WHAMM-positive tubular structures (Figures
S2H and S3F).
To more directly determine the role of Arp2/3 complex and
WHAMM in autophagy, we expressed the mutant WHAMMW791A
and starved cells for 4 hr with BafA (Figure S3G). In this case, the
cumulative autophagosome size distribution was not signifi-
cantly different from that observed with LC3 expression alone,
but the number of autophagosomes was markedly reduced
(Figure 3B).1794 Current Biology 25, 1791–1797, June 29, 2015 ª2015 Elsevier LTo more conclusively test WHAMM’s involvement in autopha-
gosome formation, we knocked down endogenous WHAMM
expression in HeLa cells. In control experiments, fed HeLa cells
treated with a scrambled siRNA showed few LC3-positive
puncta, distributed uniformly throughout the cytosol (Figures
3C and 3G). Upon starvation for 4 hr with addition of BafA, these
cells showed a marked increase in the number of LC3-positive
puncta, which were now larger in size and clustered near the
center of the cells (Figures 3D and 3G). In contrast, starved cells
in which WHAMM was knocked down by siRNA treatment dis-
played an LC3 distribution similar to that of fed cells treated
with scrambled siRNA (Figures 3E and 3G). Knocking down
WHAMM also partially inhibited the conversion of LC3-I to
LC3-II, characteristic of autophagosome formation (Figure 3H).
In these experiments, the extent of WHAMM knockdown was
estimated at more than 80% using both western blotting and
qRT-PCR (Figure 3I). Strikingly, rescuing WHAMM expression
using siRNA-resistant GFP-mouse WHAMM restored the LC3
distribution observed in scrambled siRNA-treated starved cells
(Figures 3F and 3G). What is more, WHAMM knockdown cells
almost completely lacked actin comet tails, whereas rescuing
WHAMM expression restored comet tail formation (Figure S3H).
Mutant W791A had a similar phenotype in HeLa cell (Figure 3G)
as observed in ARPE-19 cells (Figure 3B), displaying a reduced
number of LC3 puncta with similar size to that of control starved
cells. Together, these experiments strongly support a role for
WHAMM in autophagosome biogenesis, through an Arp2/3-
complex-dependent actin comet tail mechanism.
Domain Architecture of WHAMM and Relationship
with JMY
Through sequence analysis, four major domains can be identi-
fied in WHAMM and JMY (Figures 4A and S4A): (1) an N-terminal
domain consisting of a mixture of short b strands and a helices
(WHAMM aas 1–163); (2) a helical bundle domain (aas 205–
433) predicted to comprise three or four large helices and remi-
niscent of the fold of Atg17, an essential autophagy factor in
yeast [16]; (3) an inducible helical domain, whose structure
may be stabilized by interaction with partners (aas 447–543);
and (4) a C-terminal PWWCA domain involved in interactions
with Arp2/3 complex, actin, and possibly profilin (aas 632–
793). The N-terminal domain is less conserved than the rest of
the sequence (Figure S4A), except for the first 55 aas, which
are highly conserved inWHAMMand JMY. This domain contains
three highly variable loops, featuring several proline and glycine
residues and harboring some of the major differences between
WHAMM and JMY. In particular, the first loop (WHAMM aas
55–63) bears large insertions of up to 165 aas in some JMY se-
quences. JMY sequences also show shorter insertions before
and after the Pro-rich region of the PWWCA domain, with the
second of these insertions corresponding to an additional WH2
domain.
Whereas WHAMM [6] and JMY [4] have been described as
coiled coil-containing proteins, we established here using
multi-angle light scattering that WHAMM1–541, comprising the
predicted coiled coil regions (Figure S4A), is monomeric (Fig-
ure 4B). Thus, these NPFs are unlikely to form coiled coil dimers,
and their predicted large helical regions could instead be impli-
cated in protein-protein interactions.td All rights reserved
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Figure 3. Role of WHAMM in Autophagy
(A) ARPE-19 cells starved for 4 hr with 100 nMBafA,
showing large autophagosomes positive for GFP-
WHAMM, BFP2-LifeAct (red), and mCherry-LC3
(blue). Insets show a WHAMM tubule associated
with LC3 and an actin comet tail.
(B) Cumulative autophagosome size distribution
and average number of autophagosomes per cell
(±SEM) for the following experiments: controls
without WHAMM expression (fed and starved),
WHAMM expression (±CK666), and expression of
WHAMM mutant W791A (n = 7–10 cells from two
independent experiments).
(C) Fed HeLa cells treated with scrambled siRNA
and expressing GFP-LC3 and mCherry-LifeAct.
Insets show an LC3-coated vesicle propelled by an
actin comet tail.
(D) Starved HeLa cells (+BafA) treated with scram-
bled siRNA and expressing GFP-LC3 andmCherry-
LifeAct show an increase in GFP-LC3-positive
vesicles associated with actin (arrows in insets)
near the center of the cell.
(E) WHAMM knockdown HeLa cells treated with
siRNA 1 for 72 hr prior to transfection with GFP-LC3
and mCherry-LifeAct and starved for 4 hr (+BafA).
Cells show fewer LC3-positive vesicles, which do
not appear to associate with actin (arrows).
(F) HeLa cells rescued for WHAMM expression with
a siRNA-resistant GFP-WHAMM (mouse) and
transfected with BFP2-LifeAct (red) and mCherry-
LC3 (blue). Cells were starved 4 hr (+BafA) prior to
imaging. These cells show numerous LC3-positive
vesicles, which colocalize with WHAMM and actin.
(G) Cumulative autophagosome size distribution
and average number of autophagosomes per cell
(±SEM) for the indicated WHAMM expression ex-
periments (n = 15–20 cells from two independent
experiments).
(H) Western blot showing the effect of exogenous
expression on GFP-WHAMM, GFP-WHAMMW791A,
and knockdown of WHAMM on LC3 maturation
(conversion of LC3-I to LC3-II) during starvation.
(I) Validation of WHAMM knockdown. A western blot
shows that both the 100 kDa and 75 kDa WHAMM
bands recognized by the anti-WHAMM antibody are
reduced by siRNA treatment. qRT-PCR shows gene
expression for cells treated with three different
siRNAs or their mixture relative to untransfected
HeLa cells (±SD; n = 3 independent knockdowns).
The estimated extent of the knockdown for siRNA 1
is >80%.
The scale bars in whole cell and inset images repre-
sent 10 and 2 mm, respectively. *p < 0.05; **p < 0.001;
n.s., not significant. SeealsoFigureS3andMovieS4.The similar domain architecture of these two NPFs prompted
us to test whether JMY also colocalized with LC3 by cotransfect-
ing ARPE-19 cells with GFP-JMY and mCherry-LC3. Strikingly,
JMY formed puncta that occasionally colocalized and comi-
grated with LC3-positive vesicles (Figure S4B). However, con-
trary to WHAMM, the JMY-positive puncta did not appear to
associate with actin comet tails within this context (Figure S4C).
JMY has been shown to interact with the ER-resident protein
VAP-A [5]. As a broad ER marker, VAP-A appeared to colocalize
with WHAMM puncta in fed HeLa cells (Figure S4D). Yet, the co-
localization was more striking in starved cells, where VAP-ACurrent Biology 25, 179appeared to accumulate to form puncta on the ER, which
colocalized and comigrated with WHAMM-positive puncta (Fig-
ure S4E). Thus, the shared domain architecture and the colocal-
ization and comigration of JMY andWHAMMwith the autophagy
marker LC3 and the ER-resident protein VAP-A all point to some
degree of overlap in the function of these two NPFs.
Role of WHAMM Domains in ER Localization and
Function
To understand the role of each of the WHAMM domains in ER
localization and function, we coexpressed the ER marker1–1797, June 29, 2015 ª2015 Elsevier Ltd All rights reserved 1795
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Figure 4. Domain Architecture of WHAMM
and ER Localization and Function
(A) Domain organization of WHAMM (see also
Figure S4A).
(B) Multi-angle light scattering (MALS) analysis of
MBP-WHAMM1–541. Purified protein shown in
SDS-PAGE (inset). The mass distribution (indi-
cated by a black arrow) of WHAMM1–541 was
calculated from the peak where the light-scat-
tering profile (black curve) and normalized differ-
ential refractive index (red curve) overlap.
(C) GFP-WHAMM1–541 puncta localize to the pe-
riphery of ER tubules (mCherry-Sec61b) in ARPE-
19 cells.
(D) GFP-WHAMM62–793 puncta localize to the pe-
riphery of ER tubules (mCherry-Sec61b) but also
form large vesiculo-vacuolar aggregates in ARPE-
19 cells.
(E) GFP-WHAMM171–793 forms elongated static
tubules that only partially colocalize with the ER
(mCherry-Sec61b) in an ARPE-19 cell (see also
Figures S4G–S4I).
(F) GFP-WHAMM1–169 extensively coats ER tu-
bules (mCherry-calnexin) in HeLa cells and occa-
sionally forms dynamic puncta (insets).
(G) Model for role of WHAMM in autophagy.
Autophagosome biogenesis is initiated by the
ATG14-dependent PI3K complex on the ER, which
then gives rise to a DFCP1-coated omegasome.
LC3-I from the cytosol is converted to LC3-II
through lipidation and anchored to the phag-
ophore membrane forming on the omegasome.
The cargo adaptor protein p62 is then recruited to
the maturing phagophore by interaction with LC3
and serves to recruit ubiquitinated protein aggre-
gates destined for lysosomal degradation. The
phagophore closes off to form an autophagosome
that then fuses with a lysosome (autophagolyso-
some), where its content is degraded. Autopha-
gosome biogenesis and motility depend on an
actin comet tail mechanism mediated by the
Arp2/3 complex and WHAMM. WHAMM coloc-
alizes with markers present during the maturation
of autophagosomes (DFCP1, LC3, and p62) but is
not found in association with either ATG14 or
Lamp1.
See also Figure S4.Sec61b along with N- and C-terminal WHAMM truncation
mutants (Figures 4C–4F and S4F–S4I). WHAMM1–541, lacking
the C-terminal PWWCA domain, showed the same localization
as full-length WHAMM, consisting mainly of ER-associated
puncta as well as some tubular structures (Figure 4C). As
observed with WHAMMW791A, WHAMM1–541-positive puncta
were either static or showed directed motility. Further deleting
residues 434–540 from the C terminus, WHAMM1–433, increased
the tubulation phenotype (Figure S4F). Deleting the first 61 resi-
dues, WHAMM62–793, resulted in the formation of large vesiculo-
vacuolar aggregates on the ER (Figure 4D). On the other hand,
WHAMM174–793 mostly did not colocalize with the ER markers
mCherry-Sec61b (Figure 4E) and mCherry-calnexin (Figure S4G)1796 Current Biology 25, 1791–1797, June 29, 2015 ª2015 Elsevier Land gave rise to static elongated tubular structures that colocal-
ized with MTs (Figure S4H), similar to the phenotype observed
with extended WHAMM expression (Figures S1B and S1C).
Importantly, the different localizations of WHAMM174–793 and
full-lengthWHAMM is not due to differences in expression levels,
as confirmed by coexpression of these two constructs (Fig-
ure S4I). WHAMM174–793 and full-length WHAMM appeared
mostly segregated in these cells, forming tubular structures or
puncta, respectively, which is also consistent with the observa-
tion that WHAMM does not form coiled coil dimers (Figure 4B).
Finally, WHAMM1–169 extensively coated the ER (Figure 4F)
and occasionally produced highly dynamic puncta that shuttled
along ER tubules. Because WHAMM1–169 localizes to the ER,td All rights reserved
whereas WHAMM174–793 is mostly found along MTs, we
conclude that residues 1–169 are critical for ER localization,
and we thus refer to this region as the ER-binding (ERB) domain
(Figure 4A).
Whereaswe cannot rule out a connection between the tubular,
MT-associated WHAMM localization observed previously [6]
and the dynamic, ER-associated puncta emphasized here, we
note that several factors appear to shift the equilibrium in favor
of the tubular phenotype, including increased protein expres-
sion, inhibition of actin assembly through CK666 or the W791A
mutation, and deletion of the N-terminal ERB or C-terminal
PWWCA domains. Thus, the middle region of WHAMM (aas
174–541), implicated in MT binding [17], seems to be at least in
part responsible for this phenotype.
In summary, we have shown here that WHAMM colocalizes
with autophagy markers that emerge from the ER and develop
into autophagosomes (Figure 4G). Specifically, WHAMMassoci-
ates with markers present during the maturation of autophago-
somes (DFCP1, LC3, and p62) but is not found in association
with ATG14 prior to the formation of omegasomes or with
Lamp1 after autophagosomes fuse with lysosomes (Figure 4G).
We have further shown that autophagosome biogenesis and
motility depend on actin comet tail formation driven by the
Arp2/3 complex andWHAMM. The various domains of WHAMM
participate in this process by directingWHAMM to the ER though
the N-terminal ERB domain, inducing membrane tubulation via
themiddle helical domains and activating Arp2/3 complex nucle-
ation and branching through the C-terminal PWWCA domain.
The strong similarity between WHAMM and JMY and the fact
that JMY also colocalizes with autophagy markers suggest
that these two NPFs may play related or complementary roles
in this process.
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